Acute rheumatic fever (ARF) and its sequela, rheumatic heart disease (RHD), have largely disappeared from high-income countries. However, in New Zealand (NZ), rates remain unacceptably high in indigenous Māori and Pacific populations. The goal of this study is to identify potentially modifiable risk factors for ARF to support effective disease prevention policies and programmes. A case-control design is used. Cases are those meeting the standard NZ case-definition for ARF, recruited within four weeks of hospitalisation for a first episode of ARF, aged less than 20 years, and residing in the North Island of NZ. This study aims to recruit at least 120 cases and 360 controls matched by age, ethnicity, gender, deprivation, district, and time period. For data collection, a comprehensive pre-tested questionnaire focussed on exposures during the four weeks prior to illness or interview will be used. Linked data include previous hospitalisations, dental records, and school characteristics. Specimen collection includes a throat swab (Group A Streptococcus), a nasal swab (Staphylococcus aureus), blood (vitamin D, ferritin, DNA for genetic testing, immune-profiling), and head hair (nicotine). A major strength of this study is its comprehensive focus covering organism, host and environmental factors. Having closely matched controls enables the examination of a wide range of specific environmental risk factors.
The epidemiology of ARF in NZ had been described in several sources up to 2014 when this study commenced [21, [23] [24] [25] [26] . ARF epidemiology has also been described for some specific regions of NZ [27] [28] [29] . These analyses showed several key features of the epidemiology that affect the design of research studies investigating this disease.
We performed an additional descriptive analysis to inform the development of the protocol for this study. For the purpose of this brief analysis, we largely used hospitalisation data for the 5-year period 2010 to 2014 leading up to the start of this study, although some analyses covered the 20-year period of 1995 to 2014. These data were filtered and analysed using a standard method adopted by the NZ Ministry of Health for estimating the incidence of initial ARF hospitalisations (using principal diagnosis of ARF and excluding any cases previously assigned a principal or additional diagnosis of ARF or RHD) [25] . This method inevitably has some error in case classification as hospitalisations tend to over-count the number of diagnosed cases by around 25-33% [27, 28] . Additionally, at least 10% of true cases may go undetected [30] .
Incidence of ARF
There was an average of 172 new cases of ARF hospitalised in NZ each year from 2010 to 2014, ranging from 149 to 200 (average rate of 3.9 per 100,000). This was a significant increase in incidence from the 1990s (with an average of 111 cases a year in 1995-1999, a rate of 3.0 per 100,000) ( Figure 1 ). In addition to these first admissions, there were also recurrences of ARF that caused additional hospitalisations. ARF is a moderately seasonal disease with peak incidence in August (Figure 2 ). The highest incidence season is winter (June to August, with 29.0% of cases), closely followed by autumn (27.0%), then summer (23.6%) and spring (20.4%). ARF is a moderately seasonal disease with peak incidence in August (Figure 2 ). The highest incidence season is winter (June to August, with 29.0% of cases), closely followed by autumn (27.0%), then summer (23.6%) and spring (20.4%). 
Distribution of ARF

Geographic Distribution
ARF is concentrated in the North Island of NZ (97.7% of cases in those aged <20 years over this period). The 11 District Health Boards (DHBs) with rates of 5.0 per 100,000 or higher accounted for 94.8% of these cases over this 5-year period (Figure 3 and Supplementary Table S1 ). 
Age and Sex Distribution
ARF cases occur predominantly in school-aged children (79.1% of total new cases in 2010-2014 were aged 5-17 years) ( Figure 4 ). Over this period, 82.6% of cases were less than 20 years of age (12.2 per 100,000). The median age of onset was 12 years. Cases were unusual in children less than 4 years 
ARF cases occur predominantly in school-aged children (79. 1% of total new cases in 2010-2014 were aged 5-17 years) ( Figure 4 ). Over this period, 82.6% of cases were less than 20 years of age (12.2 per 100,000). The median age of onset was 12 years. Cases were unusual in children less than 4 years of age (one case was 3 years old during 2010-2014, and no cases were younger). The upper age limit is not defined, but first hospitalised cases 20 years of age and over are likely to include a high proportion of recurrences who had ARF earlier in life and were asymptomatic, did not seek care, or were misdiagnosed or miscoded in hospital data. Int of age (one case was 3 years old during 2010-2014, and no cases were younger). The upper age limit is not defined, but first hospitalised cases 20 years of age and over are likely to include a high proportion of recurrences who had ARF earlier in life and were asymptomatic, did not seek care, or were misdiagnosed or miscoded in hospital data. A small but significant majority of cases were male (56.7% during the 2010-2014 period). 
Ethnic Distribution
In NZ, ARF risk has become highly concentrated in Māori and Pacific children. Of all ARF cases aged <20 years in the 2010-2014 period, 51.7% were Māori and 43.4% were Pacific, with only 4.9% belonging to European and other ethnic groups. Even after adjusting for age and deprivation, rate ratios (RR) remain high for Māori (14·5) and Pacific children (20·6) compared with European/other children (based on the 2010-2013 period) [26] . This elevated ARF risk for Māori and Pacific children is far higher than that seen for other infectious diseases [31] . These ethnic inequalities increased from 1995 to 2014 ( Figure 5 ). Note that this analysis is based on prioritised ethnicity where respondents indicating membership of more than one ethnic group are allocated to a single ethnic group based on a prioritised order of Māori, Pacific, Asian and European/other. Consequently, the European/other ethnic group effectively refers to non-Māori, non-Pacific, and non-Asian people, in other words, primarily Europeans [32] . A small but significant majority of cases were male (56.7% during the 2010-2014 period).
In NZ, ARF risk has become highly concentrated in Māori and Pacific children. Of all ARF cases aged <20 years in the 2010-2014 period, 51.7% were Māori and 43.4% were Pacific, with only 4.9% belonging to European and other ethnic groups. Even after adjusting for age and deprivation, rate ratios (RR) remain high for Māori (14·5) and Pacific children (20·6) compared with European/other children (based on the 2010-2013 period) [26] . This elevated ARF risk for Māori and Pacific children is far higher than that seen for other infectious diseases [31] . These ethnic inequalities increased from 1995 to 2014 ( Figure 5 ). Note that this analysis is based on prioritised ethnicity where respondents indicating membership of more than one ethnic group are allocated to a single ethnic group based on a prioritised order of Māori, Pacific, Asian and European/other. Consequently, the European/other ethnic group effectively refers to non-Māori, non-Pacific, and non-Asian people, in other words, primarily Europeans [32] . 
Distribution by Deprivation
In NZ, it is common to use an area-based measure of social deprivation, known as NZDep [33] . It uses a decile scale, with NZDep10 neighbourhoods containing the most deprived 10% of the population [34] . ARF is strongly associated with living in a more deprived neighbourhood with 71.2% of cases aged 5-14 years living in the most deprived quintile (i.e., NZDep 9 and NZDep 10) . This effect is independent of ethnicity ( Figure 6 ). 
Impact on RHD, RHD Mortality and Healthcare Costs
The high health impact of ARF comes primarily from is sequela, RHD. In NZ only one death was attributed to ARF directly over the five-year period from 2010 to 2014. By contrast, over the same period, there were an average of 263 initial hospitalisations coded for RHD per year (6.0 per 100,000) 
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The high health impact of ARF comes primarily from is sequela, RHD. In NZ only one death was attributed to ARF directly over the five-year period from 2010 to 2014. By contrast, over the same period, there were an average of 263 initial hospitalisations coded for RHD per year (6.0 per 100,000) and an average of 125 coded RHD deaths a year (2.8 per 100,000) ( Figure 7 ). This high burden of chronic disease and death resulting from ARF, along with large ethnic inequalities, make it one of New Zealand's most important infectious diseases for prevention and control. A limitation of this analysis is that the validity of RHD coding is uncertain, particularly in older age groups, and requires further research. and an average of 125 coded RHD deaths a year (2.8 per 100,000) ( Figure 7 ). This high burden of chronic disease and death resulting from ARF, along with large ethnic inequalities, make it one of New Zealand's most important infectious diseases for prevention and control. A limitation of this analysis is that the validity of RHD coding is uncertain, particularly in older age groups, and requires further research. The direct annual cost to NZ of ARF and RHD is estimated to be about $12 million for hospitalizations (71% as heart valve surgery) [35] .
Existing Knowledge about Risk and Protective Factors for ARF and RHD
Causal Pathway for GAS Exposure, ARF and RHD
RHD is a multi-stage disease initiated by GAS infection, leading to ARF and then RHD [5] . The likely causal pathways from GAS exposure to RHD are shown in Figure 8 . The direct annual cost to NZ of ARF and RHD is estimated to be about $12 million for hospitalizations (71% as heart valve surgery) [35] .
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As with most infectious diseases, a range of environmental, host, and organism factors interact to influence disease risk and outcomes [36] . These hypothesised risk and protective factors are shown in Figure 8 . For the purpose of this study, we grouped these factors into seven broad categories: The current knowledge about the potential role of these factors has informed our decisions about hypotheses to test in this study and is summarised in the following sections. As with most infectious diseases, a range of environmental, host, and organism factors interact to influence disease risk and outcomes [36] . These hypothesised risk and protective factors are shown in Figure 8 . For the purpose of this study, we grouped these factors into seven broad categories: • Preceding GAS infections of throat and skin, which may initiate ARF; The current knowledge about the potential role of these factors has informed our decisions about hypotheses to test in this study and is summarised in the following sections.
Knowledge of Risk and Protective Factors for ARF from Previous Epidemiological Studies
There are considerable gaps in knowledge about the aetiology, pathogenesis and risk factors for ARF that currently limit our ability to develop and implement effective interventions for this disease [5, 17, 37, 38] . Key organism, host and environmental risk factors that have been associated with the development of this complex disease are discussed in greater detail in the next sections.
A literature review was carried out to identify studies reporting factors associated with an increased risk of ARF and RHD ( Supplementary Table S2 ). We focused on published epidemiological studies of risk factors for ARF and RHD, based on individual-level data (i.e., cohort, case-control and cross-sectional studies where ARF or RHD was the primary outcome).
These studies include 24 reports that had ARF incidence as an outcome . They were based 
These studies include 24 reports that had ARF incidence as an outcome . They were based on 16 different study populations because eight reports used reanalysis of the same or overlapping datasets (in Yugoslavia [42, 43, 45, 46] , Bangladesh [48] [49] [50] , Turkey [51] [52] [53] and NZ [61, 62] ). A further 22 reports had RHD incidence, prevalence or death as the outcome [57, 60, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] . Two of these reports included both ARF and RHD outcomes [57, 60] . Two reports included RHD outcomes but were focussed on ARF so they are not included in the RHD summary [61, 62] .
The ARF studies include 20 case-control studies [39, 40, [42] [43] [44] [45] [46] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] , two cross-sectional studies [41, 47] and two cohort studies [61, 62] . Most of the studies, particularly the more recent ones, were conducted in low-and middle-income countries with only a minority in high-income countries. All were relatively small, and most were of poor quality, with only a minority reporting results of multivariate analyses [45, 46, [48] [49] [50] [60] [61] [62] .
The 20 RHD studies were predominantly cross-sectional and based on echocardiographic screening programmes [60, 63, 65, [67] [68] [69] 71, 73, 74] . There were also 10 case-control studies [57, 64, 70, 72, 75, 76, 78, [80] [81] [82] , two of which were nested within screening programmes. Two studies were retrospective cohorts [66, 77] and one was a prospective cohort [79] . Most of the studies were conducted in low-and middle-income countries where RHD remains prevalent. Again, most were of relatively poor quality, with only a minority reporting results of multivariate analyses [67, 71, 73, 76, 79] . We also summarised literature on GAS infections (throat and skin) in the text.
Most of the studies examined a set of socio-economic and environmental risk factors, notably housing conditions. A few included nutritional factors. Some focussed only on genetic markers. Two specifically investigated associations with psychiatric disorders. Findings are discussed further under specific groups of risk factors in the sections that follow. In addition, the published literature includes a number of ecological studies that have explored the relationship between ARF rates and neighbourhood characteristics. These studies included research conducted in the United States [83] and NZ [84] , both of which found that high ARF rates were strongly associated with living in poor neighbourhoods and crowded households. Ecological studies have inherent weaknesses and are given less weight in this review.
Preceding GAS Infection of Throat and Skin as the Initiator of ARF
A preceding GAS infection is assumed to be a necessary condition for development of ARF. Half to two thirds of ARF cases report a preceding sore throat presumed to be caused by GAS pharyngitis [10, 85] . As the latent period following GAS pharyngitis before the onset of ARF symptoms is typically about 21 days [86] , the absence of a positive culture at the time of ARF symptom onset is not uncommon. In a NZ randomised trial of improved access to sore throat management using school clinics, episodes of sore throats preceded development of ARF (with appropriate raised streptococcal serology) in 14 of 19 (74%) cases presenting with ARF [10] . A Yugoslavian case-control study identified frequently experiencing a sore throat as a risk factor for ARF [45] .
There is evidence that GAS skin infections (impetigo) can also initiate autoimmune processes, leading to ARF [8, 9] . In Australian aboriginal populations, streptococcal skin infections are far more commonly associated with ARF than streptococcal pharyngitis, supporting the view that skin infections may be an initiator of ARF in this population [8, 87, 88] . In NZ, streptococci temporally associated with and obtained from endemic ARF cases during 1984-1992 had M-types more typical of skin, rather than throat, infections circulating in the community [7] . More recently, emm-typing of GAS strains obtained from ARF cases in NZ (2006-2014) showed a strong association with strains usually identified in pyoderma cases, again suggesting a possible role for skin infection in ARF [89] . The incidence of hospitalised skin infections in NZ is higher in Māori and Pacific children, although the magnitude of this inequality is far less than that seen for ARF [90] . However, skin infections in children in one South Auckland community at high risk of ARF appeared considerably less common than GAS positive throat infections [91, 92] . If GAS skin infections are important for initiating ARF, then other causes of skin trauma, such as eczema and insect bites, may also be plausible risk factors [93] .
Scabies infections may be important as a site of GAS co-infection. This infection is common in aboriginal and Pacific Island populations who experience the highest rates of ARF [94] . There is growing evidence concerning the molecular mechanisms that may allow scabies infestations to facilitate GAS infection of skin lesions [95] . A recent NZ data linkage study reported a strong association between ARF and scabies infection [62] .
Environmental Risk Factors for ARF
Number of Social Contacts
GAS pharyngitis is a highly infectious disease spread via salivary and nasal droplet transmission [96] . Almost half of the siblings of cases with GAS pharyngitis become infected [97] . Being in close proximity to others is a known risk factor for GAS transmission, with outbreaks well documented in schools, daycare centers, military barracks, and crowded homes [98] . GAS transmission occurs rapidly in cramped living conditions, which was considered to be a key factor mediating ARF outbreaks in US military camps [99] [100] [101] .
Humans are an established reservoir for GAS, so having a large social network is a plausible risk factor for ARF as it increases the effective reproduction number for infection. ARF incidence peaks in school-aged children, so it is conceivable that the patterns of high social contact in that age group influences disease risk. Environmental risk factors, which influence the survival and transmission of GAS organisms, are also likely to be important. It is plausible that a cough caused by another respiratory infection could facilitate GAS transmission by generating an aerosol containing GAS organisms, so might be a risk factor if occurring in close contacts.
Household Crowding, Including Bed Sharing
Household crowding is also a highly plausible risk factor for ARF as it increases the effective reproduction number for infections in the home. Household crowding can manifest in a range of ways, including high household occupancy, a deficit of bedrooms or space for the number of residents, and bed sharing. Household crowding has been identified as a risk factor for other bacterial diseases in NZ, notably meningococcal disease [102] , pneumonia in children [103] and tuberculosis [104] .
A small number of cohort and cross-sectional studies have investigated the relationship between household crowding and the risk of GAS throat and skin infection. A cohort study in South Africa found no association between household crowding (persons per bedroom) and throat swab culture for GAS [105] . Another study in India found no association between the area per person and the number of episodes of GAS positive sore throats per year [106] . By contrast, a cohort study in Singapore found a positive association between household crowding (persons per room) and GAS incidence [107] . A cross-sectional study in Bangladesh found that GAS prevalence was higher in children from large families [108] , whereas a cross-sectional study of school children aged 6-11 years in Thailand found no association between GAS detection in throat swabs and household size or bedroom sharing [109] . A cross-sectional study of a Jewish population in a London borough found a significant positive association between crowding (children per bedroom) and pharyngeal GAS carriage (OR 1.95, 95% CI 1.25-3.01). This was one of the few well designed studies that also used multivariate analyses [110] .
Some households in remote Australian communities at risk of ARF have been intensively studied to measure the acquisition of pharyngitis and pyoderma [87, 111] . One of these cohort studies found a correlation between the number of cases of pyoderma per household and the number of people per bedroom [87] . Another found a correlation between emm subtype acquisition and household size in some communities [111] .
Household crowding has been one of the factors most consistently examined by risk factor studies of ARF and RHD. Several ARF studies have reported an association between disease risk and measures of household crowding, although based on relatively small size and univariate results, in Australia [40] , Hawaii [54] , and Bangladesh [60] . A higher quality case-control study in Yugoslavia in the 1980s found significant associations with reduced living space (<5 m 2 per person and ≥2 people per room), but these associations were no longer significant in the multivariate analysis [42, 45] . Similarly, a case-control study in Bangladesh in the 1990s reported positive associations with small dwelling size and large families, but these associations were not significant in the multivariate analysis [48] .
There have been several cross-sectional studies of RHD in low-and middle-income countries that have reported on univariate associations of RHD with measures of household crowding, including in South Africa [63] , Kenya [65] , Ethiopia [68] , Pakistan [69] , Yemen [74] , and Fiji [75] . Findings from these studies were inconsistent, with some evidence of an increased risk associated with crowding only reported in the studies from South Africa [63] and Yemen [74] .
Four higher quality studies have reported multivariate associations between RHD, based on echocardiographic screening, and measures of household crowding. A cross-sectional study in Congo found a significant association between larger household size (>8 people) and RHD [67] . By contrast, a cross-sectional study in India did not find an association with household crowding on multivariate analysis [73] . A case-control study in Uganda identified an association with reduced space per person (<90 square feet) [76] . A prospective cohort study in New Caledonia found that RHD persistence was associated with having ≥3 people per bedroom [79] .
There have been two reported retrospective analyses of risk factors for RHD in high-income countries. One cohort study in the UK found no association between measured household crowding as a child and death from RHD in later life [66] . Another cohort study in Finland found that growing up in large households was associated with an increased risk of occurrence and death from RHD, based on univariate results [77] .
We identified one study that reported on the association of ARF with bed sharing. This Yugoslavian case-control study found an association with bed sharing (≥2 people per bed) which disappeared in the multivariate analysis [42, 43, 45] .
In NZ, an ecological study found that the risk of ARF was associated with neighbourhood deprivation, household crowding, and the proportion of 5-14 year olds in the area [84] . The pilot for the NZ risk factors study in 2012-2013 found that household crowding was common, with 58% of participants experiencing a bedroom deficit of one or more, including 35% with a bedroom deficit of two or more (severe crowding) [112] . This level was markedly higher than that reported for Māori and Pacific children (in the 2013 census, 23% of Māori children experienced a bedroom deficit of at least one, and 42% of Pacific children). In addition, the pilot study found that 49% of ARF cases shared their bed with one or more other people.
Household Resources, including those for Washing and Laundry
A lack of washing facilities and resources may contribute to an increase in bacterial load on the skin of household members or on inanimate objects, resulting in increased transmission and associated skin and pharyngeal infections. GAS has been reported to survive on inanimate objects for more than six months [113] . Removing dust, handwashing, and disinfecting surfaces are used as control measures in hospitals affected by GAS outbreaks [114] [115] [116] . It therefore seems plausible that an absence of these measures, a lack of laundry facilities, and low frequency of bedding changes could potentially increase infection risk.
Hygiene is well established as an important determinant of GAS pyoderma (a potential cause of ARF). An intervention study in squatter settlements in Pakistan found that improved handwashing and the use of soap was associated with a decline in impetigo compared with control neighbourhoods [117] . Regular bathing, including swimming in chlorinated pools, may also be protective [118] .
Risk factor studies have not reported on the role of household washing and laundry facilities in ARF or RHD. One case-control study in Bangladesh found an association between RHD and the use of poorer quality surface water compared with ground water supply [60] .
Housing Conditions, including Tenure, Damp and Cold
In NZ, rental housing is in relatively poor condition compared with owner-occupied housing [119] . Poor housing conditions (e.g., cold, damp, mould) could potentially contribute to an indoor environment that increases the risk of GAS transmission. Due largely to the strong sociodemographic pattern of ARF incidence, an aetiological link has been drawn between ARF development and poverty (with its associated risk factors, including poor housing conditions and overcrowding).
A small number of studies have reported on the relationship between housing conditions and the distribution of GAS. A cohort study of primary school students in Singapore found that GAS incidence was significantly higher in social housing compared with private housing [107] . A cohort study in India of children aged 5-15 years living in peri-urban slums found a significantly higher incidence of GAS in households that lacked a kitchen compared with those that had a kitchen [106] . In an outbreak of GAS in a UK boarding school, the GAS attack rate was significantly higher in poorly ventilated dormitories compared with those that were well-ventilated [120] .
Three higher quality case-control studies of ARF that reported multivariate results investigated aspects of housing conditions. One study carried out in Yugoslavia identified several housing risk factors that were significantly associated with ARF, including home dampness and a change in place of residence in the last five years [45] . A Bangladesh study found that 'substandard housing' was associated with a greater than three-fold elevated risk of ARF in the multivariate analysis [48] . Another Bangladesh case-control study identified an association with building materials (brick walls) and urban residence for both ARF and RHD [60] . One RHD study found an association with 'substandard housing' which became non-significant in multivariate analyses [73] .
Cold, damp and mouldy homes have been associated with poor respiratory health [121] . This environment could potentially support the transmission of bacterial pathogens such as GAS [122] . Contributing factors could include lack of insulation, heating and ventilation and the use of unflued gas heaters [123] . The pilot for the NZ risk factors study found that the majority (75%) of cases lived in rental housing, a markedly higher proportion than the general population [112] . In addition, the pilot study reported that most ARF cases (76%) were exposed in the 12 months preceding their ARF diagnosis to at least one of the following: damp walls or ceilings; mould; or a musty smell in the bedrooms or living areas of their home [112] . Most (82%) reported one or more indicators of exposure to cold housing and some had measures of fuel poverty (e.g., 22% had power cut off or prepaid meters running out).
Environmental Tobacco Smoke Exposure
Environmental tobacco smoke (ETS) is an established risk factor for respiratory infections and is a plausible risk factor for ARF [124] . There are several hypotheses around how exposure to ETS may increase ARF risk in susceptible individuals. For example, smokers harbour increased quantities of bacterial pathogens, including GAS, in their oropharyngeal cavities, so may be more exposed to this organism [125] . ETS does not appear to have been investigated as a risk factor for ARF in any published studies. The pilot study investigating housing conditions of ARF cases in NZ in 2012-2013 showed that the majority of cases (71%) lived in homes with at least one smoker [112] .
Exposure to Animals, Biting Insects and Skin Injuries
Humans are the natural hosts and reservoir of GAS infection [126] . However, domestic cats and dogs have, on rare occasions, been identified as GAS carriers [127] , although no studies have firmly identified exposure to them as a risk factor for GAS infection or ARF [128] . One study identified GAS carriage in the eye secretions of two of 61 pets living closely with people recently diagnosed with GAS infection (pharyngitis and skin infections). In these cases, both the pet and the human GAS isolates were of the same T-type, implying that the animals (a dog and a cat) may have been the source of the infection or may have contracted it from their owners [129] . Another study involving 149 domestic cats and dogs failed to identify GAS carriage in any of the 371 swabbed body sites [130] . A cross-sectional study in the UK identified contact with cattle and drinking unpasteurised milk as protective against ARF [47] . Insect bites, including from fleas, are a potential contributor to GAS exposure through breaks in the skin. However, no studies investigating GAS transmission in relation to insect exposure or bites were identified in the literature.
Healthcare Access and Risk of ARF
Health Literacy
Knowledge of ARF and appropriate use of health services for treatment of sore throat infections is widely accepted in the literature as being an important aspect of primary prevention [131] [132] [133] [134] [135] [136] . A Yugoslavian case-control study found that low-education level of the mother was associated with ARF [45] . Similarly, RHD (but not ARF) was associated with maternal illiteracy in a Bangladesh case-control study [60] .
Increasing awareness of the need for primary prevention in children with symptoms of pharyngitis, both in communities where children face a high-risk of ARF and among the health professionals who work with them, was a major focus of the NZ Rheumatic Fever Prevention Programme (RFPP) [137] . Various public health campaigns have promoted messages such as 'sore throats matter' and 'sore throats can break a heart' through a variety of media. The school-based programme has also contributed to increased public understanding of ARF and its causes [92] . It is difficult to disentangle the effects of awareness raising strategies from that of other aspects of the RFPP when considering its impact on ARF incidence.
Enhancing awareness of ARF and its prevention was a major aspect of the Cuban intervention programme that occurred from 1986-1996, during which period ARF incidence declined 7.4-fold [138] . Martinique and Guadeloupe also received a ten-year ARF control and prevention intervention which included educating healthcare professionals on ARF and emphasising the importance of primary prevention in schoolchildren. This programme also coincided with a significant (>70%) reduction in ARF incidence [139] .
Generally, health education can empower people to take responsibility for their own wellbeing. Logically this may be an important determinant of ARF. A systematic review which aims to evaluate the effectiveness of health education in regard to ARF prevention is currently underway [140] .
Healthcare Access
Preceding GAS infections are known initiators of ARF. Thus, effective treatment of such infections has the potential to interrupt the development of this illness. It is logical to conclude that access to suitable primary care services that diagnose and treat GAS throat and skin infections should be a protective factor for ARF [141] . Poor access to healthcare is firmly associated with low SES [142] , which itself is associated with ARF.
The widespread availability of comprehensive care clinics in Baltimore [143] , Cuba [138] , and Costa Rica [144] coincided with significant reductions in ARF incidence rates documented in ecological evaluations. ARF remains relatively common in many populations where access to healthcare is a known public health problem [37, 145] , including NZ [146] .
Effective management with penicillin of presumed or proven GAS pharyngitis in populations at high-risk of developing ARF is considered a key evidence-based strategy in ARF prevention. Treatment of GAS pharyngitis with injectable long-acting penicillin was established in randomised controlled trials as a means to prevent ARF in closed populations, such as military barracks in the 1950s and 1960s. A meta-analysis of such trials found ARF was reduced by 80% (RR 0.20, 95% CI 0.11-0.3) when treatment was provided [147] . Another meta-analysis also identified a two-third reduction in the occurrence of ARF in the month following pharyngitis when antibiotic treatment was provided (RR 0.27, 95% CI 0.12-0.60) [148] .
In community settings, there has been a lack of robust evidence to support treatment of GAS pharyngitis, either with injectable or oral penicillin, to prevent first presentation ARF. Improved access to primary healthcare clinics over a decade was considered responsible for the ARF decline in a formerly high risk inner city US setting [143] . Other evidence is ecological with school-based and/or community-based before and after interventions, suggesting that ARF control is possible using antibiotics as a primary prevention [37] . In NZ, a cluster randomised trial of improved access to oral penicillin treatment of GAS positive sore throats using school clinics conducted between 1998 and 2001 identified a non-significant decline in ARF cases [149] .
Two randomised clinical trials have produced evidence indicating that prompt treatment of GAS pharyngitis with antibiotics may actually suppress the immune response, leaving the host more susceptible to GAS pharyngitis relapse and recurrence [150, 151] . According to one theory, prompt antibiotic therapy may remove the pathogen before an immune response capable of effective and prolonged protection is generated [128] . However, these observations have been challenged and other trials have not replicated these findings [128, 152] .
As noted in the introduction, the NZ Government developed the RFPP with the goal of reducing the incidence of ARF by two-thirds, to 1.4 per 100,000 by mid-2017 (based on initial ARF hospitalisations) [153] . The major component of the RFPP is the school-based sore throat management programme, which aims to prevent ARF through timely diagnosis and treatment of GAS pharyngitis. This component is delivered to children attending primary and intermediate schools (aged 5-13 years) in areas with the highest rates of ARF. Operation of the school-based programme, including the child population coverage and the level of local general practitioner involvement, varies across the North Island of NZ.
The second major component of the RFPP is improved sore throat management in primary care. This component includes provision of 'sore throat clinics' and education for health practitioners. The RFPP has other elements, including improving health literacy for youth and families concerning sore throats and rapid referral to services designed to improve housing conditions for families at high risk of ARF. National guidelines for the treatment of pharyngitis in primary care settings were made available (www.heartfoundation.org.nz).
An evaluation of the school-based RFPP did not demonstrate a significantly decreased ARF incidence in children exposed to the programme overall [137] . During the period of operation of the RFPP, the NZ rate of ARF declined from 4.0 per 100,000 in 2012 to 3.4 per 100,000 in 2017 (Ministry of Health website, http://www.health.govt.nz/about-ministry/what-we-do/strategic-direction/betterpublic-services/previous-bps-target-reduce-rheumatic-fever). However, a published before-and-after evaluation of school clinics in South Auckland (Counties Manukau DHB) which contains the highest concentration of ARF cases ( Supplementary Table S1 ) reported a 58% (p < 0.008) decline in first presentation ARF incidence following two years of the school clinic programme. This was in a geographically distinct area where approximately 90% of high-risk children had access to a clinic. A parallel decline in cross-sectional pharyngeal GAS prevalence was also demonstrated [149] .
Treatment of skin infections, including impetigo and scabies, offers a potential intervention for reducing the risk of ARF but needs further investigation [154] [155] [156] .
Health Status, Nutrition and Risk of ARF
Health Status
Only a few aspects of physical health history have been identified as being associated with an increased risk of ARF. One suggested area is being under-weight as a consequence of poor nutrition (see 'Nutrition' below). A related area is poor oral health (see 'Oral health status and services' below). There are also some associations with perinatal factors (see 'Pregnancy and birth' below). Two case-control studies in Brazil also found an association between ARF and mental health, notably obsessive-compulsive spectrum disorder [55] and generalised anxiety disorder [56] . These associations suggest related underlying etiologic mechanisms common to both conditions.
Oral Health Status and Services
Some observational studies have found an association between dental caries and ARF, including a case-control study in Philadelphia carried out in 1949 [39] . In 1938, a Canadian dentist noted that around 95% of ARF and bacterial endocarditis cases presented with advanced dental caries [157] . Both RHD and poor oral health are more prevalent in deprived populations. They are likely to occur together, and it is possible that they share a common bacterial aetiology. GAS have been isolated in dental plaque [158] . Oral health and dental microbiota are linked to endocarditis [159] and a multitude of systemic diseases [160] . A review of blood cultures in a case series of endocarditis cases has identified oral GAS as pathogens involved in some cases [161, 162] .
It has been suggested that the association between poor oral health and ARF is linked to a common exposure, namely sugar [163] . A cohort study of 20,333 children in Auckland who were free of RHD at enrolment were followed for a mean of five years. A total of 96 developed ARF or RHD. Those with five or more primary teeth affected by caries were 57% (95% CI: 20% to 106%) more likely to develop ARF or RHD compared with those who were caries-free [61] . There is some biological plausibility for high-sugar intake being a risk factor for ARF. GAS organisms can ferment sucrose (table sugar) and fructose (which, along with glucose, forms the disaccharide sucrose) [164, 165] . A high sucrose intake may well enhance conditions that promote the growth of GAS in the oral cavity, increasing the likelihood of developing GAS pharyngitis and thus ARF [163] . A study in Bangladesh identified not brushing teeth after a meal as being significantly associated with ARF [60] .
However, dental caries is a multifactorial condition that does not correlate perfectly with sugar intake. Early childhood caries is strongly associated with low socioeconomic status (SES) of parents [166] , which may also contribute to ARF risk through multiple mechanisms. At an ecological level, the incidence of dental caries and ARF/RHD show an inconsistent association. In 12-year old children, experiencing dental caries is most common in South America, Eastern Europe, India, parts of Africa and the Middle East [167] . Despite this distribution, reported cases of ARF in South America and Eastern Europe have declined dramatically over the previous century, yet ARF continues to be prevalent in India, Africa and much of the Middle East. South East Asia demonstrates a considerable burden from ARF [168] , but generally shows a slightly lower incidence of dental caries compared with other low to middle income regions [167] .
If oral health is an important factor for ARF, then access to oral health services is relevant. There are, however, no published studies demonstrating that these services influence ARF rates [163] .
Nutrition
Several aspects of nutrition could potentially contribute to ARF risk, including overall nutritional status and inadequate intake of micronutrients, such as vitamin D. Two higher quality case-control studies have reported multivariate analyses of nutritional risk factors for ARF, one in Yugoslavia [45, 46] and one in Bangladesh [49, 50] . Both reported an association with low body weight. A cross-sectional study of RHD in the Congo identified both low BMI and low birthweight as associated with the risk of ARF in multivariate analyses [67] . Other cross-sectional studies of RHD in India [73] and Fiji [71] identified low height, weight, and BMI as significant risk factors in the univariate, but not multivariate analyses.
The Bangladeshi ARF case-control study reported an association of ARF with reduced albumin and iron stores [50] . It also observed an association with low consumption of certain foods, notably eggs, which persisted in the multivariate analyses. This study also documented an increased risk of ARF in children with a reduced upper arm circumference which is considered indicative of protein-energy malnutrition [49] .
The immunological roles of Vitamin D are increasingly recognised [169] . There are no reports of its association with ARF, but one study found an association between serum vitamin D levels less than 20 ng/mL and recurrent GAS tonsillopharyngitis (OR 1.62, 1.51-1.76) [170] . An earlier study noted an association between the prevalence of an allele of a Vitamin D binding protein (Gc2) polymorphism and ARF in an Arab population [44] . In NZ low Vitamin D levels are more common in Māori than non-Māori [171] . Iron deficiency is also more prevalent in Māori than non-Māori [171] . In NZ, the dominant nutritional concern for children with the highest rates of ARF (Māori, Pacific) has become obesity [172, 173] . Obesity can occur alongside micronutrient deficiencies in situations where there is over consumption of relatively poor quality food.
Wider Modifiable Social Determinants, including Income and Education
Socioeconomic position is a key determinant that influences multiple potential risk factors for ARF and RHD (Figure 8 ). This determinant can be measured on the basis of SES, income poverty, living standards, and deprivation [34] . The most widely used measure of social deprivation in NZ is the area-based NZDep. The NZDep13 index is based on nine variables from the 2013 census which reflect eight dimensions of deprivation [33] . NZDep provides a deprivation score for each meshblock in NZ (median of approximately 81 people in 2013). In addition, an index of individual deprivation (NZiDep) has also been developed [174] . This index is based on eight simple questions that can be administered using a questionnaire.
At an ecological level, the distribution of ARF and RHD is clearly associated with socioeconomic deprivation across Africa, the Americas, Asia, Europe and the Pacific [19, 21, 168, [175] [176] [177] [178] [179] . Studies of risk factors for ARF and RHD have also generally found an association between socioeconomic factors and ARF and RHD ( Supplementary Table S2 ). Among the higher quality case-control studies, ARF has been found to be associated with low maternal education in Yugoslavia [45] . Case-control studies of RHD found an association with maternal illiteracy in Bangladesh [60] but an inconsistent association with education level in Uganda [76] . A cross-sectional study of RHD reported an association of RHD with lower SES in the Democratic Republic of the Congo [67] , whereas a cohort study in New Caledonia found that the association with maternal education disappeared in the multivariate analysis [79] . It has been suggested that the threshold where higher SES would be associated with lower RHD prevalence has not been reached in low-income countries [180] .
Predisposing Host Factors that Are Inherited or Act during Early Development
Host factors include those that are largely fixed (such as demographics, ancestry and genetics) and those that are influenced by perinatal events and early childhood exposures.
Demographic Risk Factors
The risk of ARF is strongly influenced by specific demographic factors, particularly age and ethnicity (which is discussed further under 'ancestry and genetic factors' below). ARF is rare in children under four years of age, incidence rises to a peak at around nine to 12 years, and then declines in those over 20 years of age [181] . This very specific age-group vulnerability to ARF suggests a strong contribution from maturation processes in the immune system [182] . Some studies reported a higher risk for females, particularly for RHD in low-and middle-income countries, which may be at least partly associated with healthcare seeking behaviours resulting from pregnancy [60, 68, 69] .
Ancestry and Genetic Factors
Inherited genetic variants are likely to be important in ARF susceptibility but are poorly understood [183] . Familial rheumatic fever has been described for more than a century [37] . An association with family history was observed in a case-control study conducted in Yugoslavia in 1982 [45] . Further evidence for a genetic component comes from the finding that the pooled proband-wise concordance risk for ARF is 44% in monozygotic twins and 12% in dizygotic twins, with an estimated heritability of 60% [183] .
The high degree of variation in ARF/RHD incidence in relation to ethnicity suggests that genetic factors may affect susceptibility, along with the inter-generational legacy of colonisation. The elevated risk for Māori and Pacific children in NZ is very marked, even after stratifying for deprivation [26] (see Figure 6 ). Countering the view that genetic factors are the dominant determinant of ARF distribution is the observation that high rates of ARF were observed in all ethnicities earlier in the 20th century (and before) internationally [20] and in NZ [184] .
A number of genetic polymorphisms have been significantly associated with ARF and RHD. The genes identified include IFN-γ, ACE, FCN, FcγRIIA, TLR-2, and HLA (supplementary Table  S2 ) [51, 52, 57, 59, 70] . Different HLA class II antigen associations with ARF have been observed in several populations. The HLA class II genes encode cell-surface proteins that present antigen to the T-cell receptor (TCR) and trigger adaptive immune responses. One previous study associating HLA haplotypes with ARF and RHD found that a minor increase in HL-A3 and -A8 in disease [64] . The HLA class II region is strongly associated with a wide spectrum of autoimmune disorders [185] , including rheumatoid arthritis, where a specific group of HLA-DRB1 alleles (called the 'shared epitope') increases risk two-to-three-fold. In individuals exposed to smoking (and positive for anti-cyclic-citrullinated peptide antibodies), the increased risk mediated by HLA-DRB1 is magnified to 20-fold [186] [187] [188] [189] [190] . This widely replicated gene-environment interaction has allowed insight into the aetiology of rheumatoid arthritis-smoking increases risk by causing citrullination of proteins, which are better able to activate the immune response in the presence of HLA-DRB1 shared epitope [188, 189] . Considering that ARF, like rheumatoid arthritis, has an autoimmune aetiology it is possible that an HLA class II gene-environment interaction could be present that might contribute to the disparity in ARF incidence between Māori/Pacific and other NZ ethnic groups.
A small study (204 RHD cases, 116 rheumatoid arthritis controls) comprised of participants with NZ Māori and Pacific ancestry reported an association of a genetic variant in the IL6 promoter (rs1800797 (-597G/A)) with RHD, and association of an IL1RN variant (rs447713) with the severity of carditis [80] . A study conducted in Pakistan also identified associations with IL6 [78] .
To overcome the problems of small datasets, international multi-country trans-ethnic genome-wide association study (GWAS) meta-analyses are now underway to identify genetic determinants of RHD susceptibility. The first published GWAS of RHD was based on 2852 individuals recruited in eight Oceanian countries. It identified a novel susceptibility signal in the immunoglobulin heavy chain locus [82] . More recently, a GWAS in the Australian Aboriginal population identified the HLA-DQ locus as being the strongest genetic marker associated with RHD, with the data supporting a role for cross-reactivity with GAS epitopes in aetiology [81] .
Pregnancy and Birth
There is evidence that the prenatal period may be important in terms of future susceptibility to some infectious diseases [191] . Preterm newborns have suppressed immune function [192] . In a cohort of more than 10,000 newborns, both low birthweight and preterm birth were associated with a near-70% increased risk of subsequent hospitalisation with an infectious disease during childhood [193] . Similar observations were found in a large Swedish study in which children born both preterm and with a low birth weight had about a 50% increased risk of hospitalisation with an infectious disease during adolescence or early adulthood [194] . A Danish study found that children born preterm with low birth weight, or a low Apgar score were substantially more likely to be hospitalised with pneumococcal disease [195] . In the United Kingdom, low birth was associated with a doubling of enteroviral meningitis risk [196] . A large Danish case-control study observed that children born preterm were at increased risk of meningococcal disease in the first year of life, while those with low birth weight had increased risk of this disease throughout their childhood [191] .
Few studies have reported on perinatal risk factors for rheumatic fever. A Finnish case-control study identified umbilical cord length as a significant risk factor for RHD. The authors postulated that increased length puts more stress on the foetal heart, making mitral valves more vulnerable to rheumatic processes, with an increased risk of occurrence and death from RHD demonstrated [77] .
Autoimmunity
ARF is an autoimmune response to GAS infection [38] . Despite the relatively well-documented histopathology, the mechanisms that trigger ARF remain poorly understood. The prevailing hypothesis is that molecular mimicry exists between GAS antigens and host tissue that generates cross-reactive antibodies and T cells [197] . However, there continues to be on-going debate as to the real role mimicry has in ARF pathogenesis [198] . There is still no consensus on which antigens initiate the autoimmune response, nor a clear understanding of the immune cell profile in ARF. There is a lack of studies that have applied contemporary, high-definition immune-profiling technologies to ARF [199] .
The application of such technologies should provide a better understanding of pathogenesis, which is crucial to the development of new interventions for ARF, both preventative and therapeutic [2] .
It is thought that multiple repeated exposures to GAS 'prime' the immune system prior to development of ARF; however, empirical evidence for this hypothesis is limited. A small laboratory study conducted in NZ used GAS T-antigens to investigate this theory [200] . T-antigens are type-specific antigens that fall into 18 major clades or T-types. This study found that in each of the ARF case sera tested, at least two distinct GAS exposures were detected and no cases shared the same pattern of T-type reactivity. These findings provide some support for the immune-priming hypothesis. However, multiple factors could theoretically affect development and priming of the immune system resulting in ARF.
Organism Factors, including Infectious Co-Factors
3.9.1. Exposure to Group A Streptococcus (GAS) Exposure to GAS is considered necessary for the development of ARF and evidence for this exposure is a prerequisite for ARF diagnosis [201] . GAS is commonly typed by sequencing the 5' end of the emm-gene, which encodes the M-protein, with molecular epidemiological studies having identified over 200 emm-types to date. Historically, certain emm-types were epidemiologically associated with epidemic ARF, including emm 1, emm 3, emm 5, emm 6, emm 14 and emm18 [202] [203] [204] . This observation resulted in the concept of 'rheumatogenicity', whereby strains associated with outbreaks of ARF (in the US in particular) were thought to have a greater propensity to cause disease than other strains.
However, contemporary studies in settings with high endemic ARF disease burden have suggested that a diverse array of emm-types are likely to play a role in the epidemiology of ARF [10, [205] [206] [207] . A recent study of GAS isolates obtained from ARF cases in NZ found few of the so-called rheumatogenic types, and a diverse range of emm-types previously associated with pyoderma in other settings [89] . This finding suggested that skin infections may have a role in development of ARF. This conclusion was further supported by a contemporary study of skin and throat isolates from high-risk children in NZ that found the emm-types associated with skin infections were similar to those from ARF cases [208] . However, the restriction of genomic analysis to the emm-gene is somewhat limiting and with such a diverse range of ARF associated emm-types now identified, understanding the rheumatogenic potential of GAS will require further investigation. Future work using whole genome sequencing may enable potential genomic associations between ARF-linked GAS strains and ARF to be elucidated.
Exposure to Potential Infectious Co-factors
Other common bacterial infections could potentially increase the risk of either GAS infection or ARF. Staphylococcus aureus infection is commonly found in association with GAS as a cause of skin infection. The epidemiology of skin infections, many caused by S. aureus, has some parallels with ARF, with particularly high rates in Māori and Pacific children living in relatively deprived neighbourhoods [209] .
Although not extensively studied, there is little evidence of viral infection acting as a synergist in the development of ARF [210] . It is possible that eradication of normal oral microflora, especially α-haemolytic Streptococci, from the oral cavity (perhaps due to prior β-lactam antibiotic use) increases susceptibility to GAS infection. The presence of such microflora has been shown (although not consistently) to help protect against GAS infection through bacterial interference [128] . A recent trial of the use of the oral probiotic S. salivarius K12 (K12) found that it was associated with only a modest non-significant decline in GAS culture-positive sore throats when given at school [211] .
Study Aims and Research Questions
The primary aim of this study was to identify potentially modifiable risk factors for ARF with the ultimate goal of producing robust evidence to support policies and programmes to decrease rates of ARF in high-risk NZ populations. The specific aims were as follows:
1.
Identify potentially modifiable environmental risk factors for ARF, notably household crowding and bed-sharing, poor housing conditions, and ETS.
2.
Establish whether access to healthcare, including sore throat treatment and related health literacy, is protective for ARF.
3.
Establish whether current or recent skin infection is associated with an increased risk of ARF.
4.
Establish whether poor oral health is associated with an increased risk of ARF.
5.
Identify potentially modifiable host and nutritional factors for ARF, such as vitamin D deficiency, anaemia and high consumption of sugar-sweetened beverages. 6.
Contribute to identifying immunological factors associated with an increased risk of ARF. 7.
Establish whether a positive family history and the HLA-DRB1 locus or other plausible genetic markers are associated with ARF. 8.
Establish whether specific GAS organisms are associated with ARF.
The aims and study design allow us to investigate the following research questions:
• Are there modifiable environmental exposures contributing to an increased risk of ARF, notably household crowding, bed sharing, poor indoor environments (e.g., cold, damp, mouldy), fuel poverty, tobacco smoke exposure, limited resources for washing and teeth cleaning, inadequate protection from insect bites and fleas? • Are there modifiable host and nutritional factors contributing to an increased risk of ARF, notably vitamin D deficiency, high consumption of sugar-sweetened beverages, low consumption of fruit and vegetables? • Is ARF associated with skin infections, which might suggest the need to treat such infections as part of ARF prevention programmes? • Are there knowledge, attitudes and behaviours associated with a decreased risk of ARF, notably health literacy around treatment of sore throats and skin infections? • Is good access to health services protective for ARF? • Is there a large proportion of ARF cases with a history of sore throat who did not receive treatment for this, suggesting the potential for improved pharyngitis treatment? • Is participating in school-based sore throat management programme protective of ARF? • Does the distribution of GAS emm-types that we observe to be associated with ARF differ from those emm-types circulating in the wider child population? • Are there specific immunological markers of increased susceptibility to ARF? • Is family history of ARF/RHD a risk factor for ARF? • Do environmental exposures interact with inherited factors (e.g., HLA-DRB1 locus) in a non-additive (multiplicative) way to explain disease distribution?
Study Design
The study design is a prospective population-based case-control study. Considerable effort was put into considering potential risks to the study effectiveness and minimising these risks (see Supplementary  Table S4 ).
Study Population
Since the vast majority of ARF cases occur in the North Island of NZ, this study will be restricted to that island. Specifically, cases and controls will be recruited from the 11 DHBs in which we might expect five or more cases of ARF over a two-year period (see Epidemiology section).
Cases will meet the standard NZ case-definition for new cases of ARF [212] (Table 1) . Comparison with matched controls will be used to investigate risk factors that might explain why some similar individuals (same ethnicity, age, sex, deprivation level, DHB) develop ARF and others do not. Cases will also be compared with community controls (from the New Zealand Health Survey (NZHS)) to give an understanding of the contribution of major socio-demographic factors to the risk of ARF. Table 1 . Categories of acute rheumatic fever (ARF)-New Zealand (NZ)-modified version of the Jones Criteria.
Diagnosis
Requirements Category
Initial Episode of ARF Chorea, or 2 major or 1 major and 2 minor manifestations plus evidence of a preceding GAS infection * Definite ARF Initial Episode of ARF 1 major and 2 minor with the inclusion of evidence of a preceding GAS infection* as a minor manifestation (Jones, 1956)
Probable ARF Initial Episode of ARF Strong clinical suspicion of ARF, but insufficient signs and symptoms to fulfil diagnosis of definite or probable ARF Possible ARF Recurrent ARF ARF in a case with known past history of ARF or RHD Recurrent ARF (not eligible for study)
From NZ Guidelines for Rheumatic Fever 2014 [212] . Major manifestations: Carditis (including evidence of subclinical valvulitis/carditis on echocardiogram), Polyarthritis or aseptic monoarthritis (with or without a history of NSAID use), Chorea (can be stand-alone for ARF diagnosis), Erythema marginatum, Subcutaneous nodules. Minor manifestations: Fever, Raised ESR or CRP, Polyarthralgia, Prolonged P-R interval on ECG. * Elevated or rising antistreptolysin O or other streptococcal antibody is sufficient for a diagnosis of definite ARF. A positive throat culture or rapid antigen test for GAS alone is less secure as 50% of those with a positive throat culture will be carriers only. Therefore, a positive culture alone demotes a case to probable or possible ARF.
Cases
Case Recruitment
The case recruitment process is shown in Supplementary Figure S1 . Cases will be identified by the diagnosing paediatrician or adult physician at hospitals within the participating study areas. These clinicians will be encouraged to approach eligible cases or their parent/caregiver (if the case is less than 16 years old) and seek preliminary consent for the study team to make contact regarding the study. The interviewing service (CBG Health Research Ltd.) organise a face-to-face meeting where the study is discussed, concerns addressed, and written consent obtained.
A range of additional mechanisms will be used to maximise recruitment and ensure this is was done in a timely manner. These measures included: a part-time Recruitment Coordinator (FCM) employed specifically to assist with participant recruitment in the Auckland region; a monthly electronic newsletter about the study disseminated widely across the health sector; periodic review of case recruitment numbers compared with surveillance data (ARF is a notifiable condition) to identify non-referral patterns and act on them.
Case Inclusion and Exclusion Criteria
Cases will be assigned diagnostic categories based on 2014 NZ guidelines which are essentially a modified version of the Jones Criteria [212] (Table 1 ). The only change made for this study will be to switch to using the upper limit of normal (ULN) cut-off criteria for streptococcal titre levels (antistreptolysin O (ASO) and anti-deoxyribonuclease B (ADB)) that are used in Australia and internationally and which are lower than those in the NZ Guidelines for Rheumatic Fever [213] .
A summary of the case inclusion and exclusion criteria for the study is shown in Table 2 . Cases presenting only with chorea will be excluded. The rationale is that these cases have a very different time course from other cases of ARF. Chorea may present many months after the acute GAS infection, instead of a few weeks like most ARF cases, and may sometimes be the only presenting symptom of ARF [214, 215] . For similar reasons, cases presenting with indolent carditis will also be excluded. This is 'carditis of insidious onset and slow progression with evidence of inflammatory disease as distinguished from chronic RHD' [212] . Given the increased likelihood of recall bias caused by this delay, the inclusion of such cases is unlikely to provide additional useful knowledge about recent environmental exposures contributing to the risk of ARF. 
Inclusion
• Definite and probable ARF using NZ criteria (Table 1) ; • Recruited within four weeks of hospital admission;
• Aged under 20 years at time of diagnosis; • Normally resident in study area (one of the 11 North Island DHBs in the study).
Exclusion
• Cases presenting only with chorea or indolent carditis;
• Cases with a previous diagnosis of ARF (i.e., recurrent ARF) or RHD;
• Cases outside age group, study area or hospitalised more than four weeks prior to recruitment.
Case Review
Patient data will be collected at intervals during the study by a clinically trained researcher and compiled into a spreadsheet. All cases will subsequently be reviewed by a case review panel of clinicians (paediatric infectious diseases, general paediatricians and a paediatric cardiologist) experienced with ARF diagnosis, in order to categorise patients by diagnostic certainty [212, 216] . Based on these data and in line with ARF diagnostic categories (Table 1 ) and the study inclusion and exclusion criteria (Table 2) , the case review panel will categorise cases as eligible for inclusion in the study or otherwise.
Controls
The study has two control groups: matched controls and community controls.
Matched Controls
These will be children and young adults who are matched to the cases for their socio-demographic characteristics, location, and month of recruitment. Matched controls have participated in the NZHS and have consented to further follow-up. This pool of potential controls is continually replenished from the NZHS, which is a rolling population-based survey that includes a sample of 14,000 participants each year [217] . Those consenting to follow-up remain in the recruitment 'pool' for up to two years after their initial survey. When an ARF case has been identified and given consent to participate, matching controls will be identified. They will be randomly matched to each case by age (within one-to-two years), ethnicity (prioritised), gender, deprivation (NZDep decile) and DHB. They will also effectively be matched by time-period as the control interviews will be conducted within one-to-four weeks of the case interview to control for possible seasonal effects. Controls that have ever had ARF or RHD will be excluded. Age matching uses a calliper approach (i.e., ± two years) rather than an age band.
Occasionally there may be a lack of controls that match cases according to all strata. If so, the matching criteria will be relaxed until suitable controls are found. Criteria will be relaxed sequentially in the following manner: gender; age group to ± four years; NZDep criteria to ± two NZDep deciles, then ± three NZDep deciles; DHB to allow controls from any DHB in the same general region. We will not loosening the ethnicity criteria (prioritised level-one ethnicity, i.e., Māori, Pacific, Asian, European/other).
The matched controls will be recruited at a 3:1 ratio of controls to cases, giving an estimated final sample size of at least 120 cases and 360 controls. Once matched controls are identified, the Study Coordinator will organise a face-to-face meeting where the study is discussed, concerns addressed and written consent obtained.
Community Controls
These controls consist of the NZHS dataset and allow the study to investigate how ARF cases compare with NZ children and young people more generally. The NZHS aims to interview a weighted sample of approximately 14,000 adults and 5000 children each year. It uses 'a multi-stage, stratified, probability-proportional-to-size (PPS) sampling design' and 'a dual-frame approach' with respondents selected from an area-based sample and a list-based electoral roll sample [217] . This method is used to increase the sample sizes for Māori, Pacific and Asian ethnic groups.
For these controls, we will use the sample of all children aged 4-19 years who were surveyed as part of the NZHS over four successive times periods from July 2013 to June 2017 (i.e, 2013-2014, 2014-2015, 2015-2016, 2016-2017) . This control group includes an estimated 19,500 children. The content of these surveys varies from year to year, with some core sections and some additional modules added in different years (e.g., the 2013-2014 survey included additional modules on housing, NZiDep, second-hand smoke, and long-term health conditions). These interviews have already taken place and the data are part of the NZHS. Use of this set of controls allows us to investigate the association of ARF with the socio-demographic factors and also give us large numbers and hence greater power to investigate associations with exposures which were measured with the NZHS.
Data Sources and Specimen Collection
Once recruited into the study, cases and matched controls (or their parent/caregiver if aged less than 16 years old) will be interviewed using a study questionnaire, as described below. Blood, throat and nasal swabs, and hair specimens will also be obtained on a sub-sample of study participants, as described below. The scope of data collected by the study is shown in Supplementary Table S3 .
Study Questionnaire
Content
The study questionnaire was developed to obtain data on key study variables and exposures ( Supplementary Table S3 ). Considerable effort was invested into content development, with the rationale for each question discussed and debated within the study team. The study questionnaire drew on existing questionnaires where appropriate to maximise comparability. In particular, questions used in the NZHS [218], Southern Hemisphere Influenza Vaccine Effectiveness Research and Surveillance (SHIVERS) study [219] , the Health of Occupants in Mouldy Environments (HOME) study (Dr. Caroline Shorter, University of Otago, 12 February 2015, personal communication), the Youth 12 Survey [220] and a recent survey of housing conditions in hospitalised children [221] . A component of the study questionnaire (focused on housing conditions and service utilisation) was tested in a pilot study with a sample of 55 ARF cases (and their caregivers) who were interviewed by phone [112] .
It was important that the questions be designed to minimise bias, notably various forms of information bias. For example, particular emphasis was placed on ensuring that (wherever possible) the design and operation of the study would not introduce differential recall of key exposures by cases and controls.
Pre-testing and Pilot Testing
Cognitive testing was carried out for key questions, particularly where language or sensitive subject matter was involved. The draft questionnaire was pilot-tested on a sample of cases (n = 10) and controls (n = 16) to assess its performance, including interview length. The final version was modified accordingly to ensure that the interview was no more than an hour in length.
Selection of Proxy Interview Subject for Children
Consent to take part in the study for those under 16 years of age will be provided by a parent or other legal guardian. This process needs to ensure that the main caregiver is selected and interviewed in a similar way for cases and controls. This issue is particularly important for questions in which we specifically elicit characteristics of the interview subject rather than the child; for example, caregiver education level.
Selection of Housing Environment for Children
The interview process needs to ensure that the questions relating to the subject's home environment select the house in a consistent way across cases and controls. This is mainly an issue for children in a 'shared-care' situation where they move between two (or more) places. The focus should ideally be on the house where they spend most time and where their main caregiver lives. We have included a question to identify those children who regularly stay at more than one house so that we can assess the impact of this potential area of exposure misclassification.
Selection of Time-period
Most questions in the study questionnaire ask about exposures that are relatively stable (i.e., not changing over periods of a few weeks to months) or ask about 'usual' rather than 'specific' exposures. A small number of questions ask about exposures that may vary, such as the number of people in the house. It was necessary to create a specific reference period for cases and controls to answer these questions: for cases, this is the period before they (or their child) got sick with ARF, while for controls, this is the period before the interview. This approach does produce potential for recall bias, since cases and controls are not being asked to recall information for the same time-period. In addition, cases benefit from having a memorable event to assist with their recall (i.e., their illness), which the controls do not have. This difference may also be a source of recall bias-one which is difficult to avoid. We have attempted to minimise these biases by (a) not including cases who were hospitalised more than four weeks prior to the interview and (b) minimising the number of questions that ask for recall within this specific time-period.
Household Composition
The definition of household membership was given careful consideration during questionnaire development. The general approach in the NZHS is to ask for 'the initials, age, and gender for all persons usually residing in the house'. Any person who usually resides in the household, even if they are away on the day of the interview (e.g., temporarily overseas), is recorded on the household list. However, people who are currently away from home and will not return home in the next four weeks are excluded. We have chosen to follow this protocol for the current study.
Biological Specimens
The specimens that are collected for the study from cases and controls and the associated measurement(s) of interest are shown in Table 3 . For logistical reasons (including the timely transportation of specimens from collection locations), collection of these bio-specimens will be restricted to participants from the Northland, Auckland, Waikato and Wellington regions (which include seven out of the 11 DHBs participating in this study). In addition, specimens are only collected from one control per case for logistic and budgetary reasons 
Linked Health Information
In addition to questionnaire and specimen data, we also seek permission from participants to obtain linked information from the following sources (Table 4 ) to investigate exposures more thoroughly and reduce the effects of recall bias. The study interviewers were selected and received specific training for this study, including the content of the questionnaire and methods of sample collection (throat and nasal swabbing, hair specimen collection). A one in 10 sample of participants will be re-interviewed by the Study Coordinator (AC) as a quality check. It is not possible to blind interviewers to the case or control status of subjects as interviews for these two groups generally will take place in different settings and the questionnaires contained different content in some specific areas.
Interviewers will be ethnically matched to the cases so that Māori participants will be interviewed by Māori interviewers and Pacific participants by Pacific interviewers. This step was decided as it is thought that ethnically-matched interviewers help to create a culturally safe interview environment that improves the experience for the subject and the quality of information provided [222] .
Interviews
These will be conducted in face-to-face settings, with data entered directly onto a portable computer. Show cards with predetermined response categories will be used to assist respondents. These cards included photographic images to help subjects recognise some specific items (types of skin infection, scabies, ventilation strips and vents, unflued gas heaters). Case interviews will usually occur in hospital immediately after consent is obtained or at home if the ARF case has already been discharged from hospital).
Specimen Collection
The methods used to collect specimens for the study differ slightly between cases and controls. For cases, study interviewers collect nasal swabs and hair samples. The nasal swab will be delivered to a local specimen collection room within 24 hours of the interview. The hair specimens will be stored and subsequently tested. Blood specimens for the study will be taken during routine blood collection rounds while the cases will be taken in hospital, or when the case visits a local specimen collection room (within four weeks from the ARF diagnosis) if already discharged from hospital. It is routine clinical practice to collect a throat swab for GAS culture on hospital admission whenever ARF is suspected. Throat swabbing results are affected by the administration of antibiotics, and thus, the admission swab is likely to provide the most valid indication of the presence of GAS prior to admission.
For matched controls, interviewers will collect throat swabs, nasal swabs and hair samples. Interviewers will also give controls packs containing specimen collection tubes and corresponding request forms to enable the collection of blood samples from local collection rooms.
As mentioned above, specimen collection will be restricted to cases and controls from seven of the 11 DHBs. An exception to this is throat swabs, where efforts are made to obtain specimen from all cases to assist efforts to understand the most common GAS emm-types that occur among ARF cases in NZ.
Specimen Storage
A 'track and trace' procedure will used to record the physical location of each specimen using an online database. Once specimens are at their final destination, any residual identifiable information is destroyed and only their unique study identifier retained. Study manager (JG) and Principal Investigator (MGB) will retain access to the database via a secure password.
All specimens, except those used for ferritin and Vitamin D assays and hair samples (which will all be destroyed following analysis), will be stored for a period of at least 10 years. Subsequently, blood specimens used for immunological analysis will be stored at the School of Biological Sciences, University of Auckland. Blood specimens used for genetic analysis will be stored at the Department of Biochemistry, University of Otago, Dunedin. GAS isolates and extracted microbial DNA will be stored at ESR at minus 80 • C. The GAS strain collection will subsequently be available to any researchers in NZ who are working in the field of GAS pathogenesis.
Steering Committees and Ethical Review
The study has both a Māori and a Pacific Steering Group each comprised of a cross-section of key stakeholders, including researchers, public health workers, clinicians and community representatives (members are listed in acknowledgements section). These groups reviewed the study questionnaire and protocol to ensure cultural appropriateness. They will also provide culturally appropriate advice as issues arise during the study and will be involved in interpretation and dissemination of research findings.
Participant Information Sheets and consent forms have been translated from English into Te Reo Māori, Cook Island Māori, Samoan, and Tongan.
The Ministry of Health's Northern-A Health and Disability Ethics Committee (HDEC) approved this study (reference number 14/NTA/53). The study protocol and operation included the requirement for informed consent to participate from participants (or their parent or legal guardian in the case of children under 16).
Data Analysis
Approach to Data Analysis
The goal of the data analysis is to support effective investigation of the aims and research questions (as described above). There is a particular focus on identifying important modifiable risk factors (as listed in Supplementary Table S3 ). The analysis attempts to produce ' . . . the most accurate (valid and precise) effect estimates obtainable from the data . . . rather than simply improve the fit . . . ' [223] . The approach to the analysis is described below.
Descriptive Analysis
Descriptive analyses of the prevalence of each investigated exposure within case and matched control groups will be performed in the first instance. Using univariate analysis, we will compare the prevalence of exposure between cases and matched controls, with suitable statistical testing to detect significant differences (for example, a Chi-square test for categorical variables). Cross-tabulations will be created to present these results.
We will also perform descriptive analyses comparing prevalence of exposure between cases and community controls, for those exposures measured using interview questions that are common to both the current study questionnaire and the NZHS. Again, we will compare the prevalence of exposure between cases and community controls with a suitable statistical test (e.g., Chi-square). These comparisons will be presented as cross-tabulations.
Primary Exposure Analysis
Given that the main aim of this study is to identify potentially modifiable risk factors for ARF, our primary exposures are defined based on whether they could be modified in the short, medium or long term. As such, for the most important categories of risk factors (summarised in supplementary Table S3 ) we have a priori identified one (or in some cases two) variables which will serve as primary exposures in our analysis for this given category. This primary analysis will use conditional logistic regression to investigate the independent association between these primary exposures and odds of ARF development. We will calculate both crude and adjusted odds ratios (ORs) for each primary exposure, with those factors that are a priori identified as potential confounders of the given relationship included as covariates in these models. For example, measures of socioeconomic deprivation are likely to act as confounders of the potential relationship between household crowding and ARF. All primary exposure analyses will be performed using only data from cases and matched controls. Crude and adjusted odds ratios will be presented as cross-tabulations, with the matched (and community, where applicable) controls as the reference group.
Secondary Exposure Analysis
Each category of risk factors ( Supplementary Table S3 ) has a large number of additional exposures that will be included in the secondary analysis. For these variables, we will first calculate crude ORs. In order to calculate adjusted ORs, a data-driven stepwise approach (with backward elimination) will be taken to determine the variables that should be included in each respective model. Crude and adjusted odds ratios will be presented as cross-tabulations, with the matched (and community, where applicable) controls as the reference group.
Population Attributable Fraction (PAF)
Finally, we will estimate the proportion of ARF in the study population (cases and matched controls) that is attributable to specific exposures, by calculating population attributable fractions (PAFs) for each primary and secondary exposure [224].
Study Sample and Power
Based on a sample size of 100 cases and 300 matched controls (i.e., a 3:1 ratio), there will be sufficient statistical power (at least 80%) at a confidence level of 95% to detect an OR of 2.0 for common exposures (50% prevalence in controls) and an OR of 2.0-3.0 if these exposures are somewhat more common (e.g., 2.2 if 70% prevalence among controls). If we are able to recruit more cases than 100 (and subsequently more controls than 300) within available resources (including time), our study power will increase further: for example, if we achieve a sample size of 120 cases and 360 controls, we will have the power to detect an OR of 1.8 for common exposures (50% prevalence in controls) and an OR of 2.0-3.0 if these exposures are somewhat more common (e.g. 2.0 if 70% prevalence among controls).
Study Operation
Major decisions about the direction of the study will be made by the Principal Investigator (MGB) in consultation with the co-investigators. This process is supported by periodic meetings of the investigators, usually by video or telephone conference. Day to day operation of the study is guided by a Study Management Group consisting of the Principal Investigator (MGB), Study Manager (JG), and Specimen Coordinator (JO). Coordination of interviewers will be carried out by the Study Coordinator (AC) based at CBG Health Research Ltd.
Dissemination
The investigators will use multiple methods to disseminate study findings. These methods will include the peer-reviewed literature, presentations and discussions in a range of settings and through associated media coverage to inform the wider public.
Research findings will be communicated in a clear, concise, and culturally appropriate manner to Māori and Pacific communities. This process will draw on the expertise of the Māori and Pacific Steering Groups and include press releases and interviews with Māori and Pacific media.
The investigators are already closely involved with delivery of the RFPP and providing public health advice to the Ministry of Health and other health agencies. They include recognised opinion leaders in clinical aspects of ARF and RHD management who will be able to disseminate findings through their clinical networks.
Conclusions
This study will quantify the association between ARF and a range of potentially modifiable risk factors including: adverse environmental exposures (notably household crowding, bed sharing, poor indoor environments, tobacco smoke exposure); limited resources for personal care (notably washing, teeth cleaning); poor nutrition (notably sugar sweetened beverages); and poor oral health (decayed, missing, and filled teeth).
It will also assess the potential protective effect of good access to primary health care services, including general practitioners, school-based sore throat management services, and oral health care. The study will investigate the association of ARF with preceding treatable infections (notably sore throats, skin infections and scabies) as well as host factors that might assist in targeting ARF prevention services (notably family history of ARF/RHD). All of this information can be used in the short to medium term to guide improved prevention measures and refine current programmes.
In addition, this study is seeking to provide information to better understand the role of circulating GAS types, immunological markers, inherited factors and early life exposures. Such knowledge will assist medium to longer term strategies, including the development of improved diagnostic markers for ARF and an effective GAS vaccine. The results will also contribute to international understanding about the pathophysiology of ARF.
A major strength of this study is that it is taking a comprehensive approach covering organism, host and environmental factors that may be associated with ARF. It has also started with a well-developed model of how these factors may influence the risk of ARF, based on an extensive review of published literature on ARF aetiology. Having closely matched controls as well as community controls will enable the study to examine a wide range of specific environmental risk factors.
The study has important limitations, including potential selection bias of matched controls, information (particularly recall) bias, and only modest precision due to its relatively small size (because ARF is uncommon). Steps have been taken to minimise these sources of error. A major driver in the design of this study has been to ensure that it is highly responsive to the needs of Māori and Pacific peoples.
There are very few high-quality studies that have investigated the aetiology of ARF. The current study aims to fill some of the considerable knowledge gaps that are currently preventing an evidence-informed approach to the prevention of this disease. We are using the methods outlined in this protocol paper to achieve this aim and look forward to reporting our findings in due course.
